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Edited by Vladimir SkulachevAbstract Evidence showing the existence in the inner compart-
ment of rat-heart mitochondria of AKAP121 and associated
PKA is presented. Immunoblotting analysis and trypsin digestion
pattern show that 90% or more of mitochondrial C-PKA, R-
PKA and AKAP121 is localized in the inner mitochondrial com-
partment, when prepared both from isolated mitochondria or
cardiomyocyte cultures. This localization is veriﬁed by measure-
ment of the speciﬁc catalytic activity of PKA, radiolabelling of
R-PKA by 32P-phosphorylated C-PKA and of AKAP by 32P-
phosphorylated R-PKA and electron microscopy of mitochondria
exposed to gold-conjugated AKAP121 antibody.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In mammalian cells cAMP regulates a variety of processes in
diﬀerent subcellular structures. cAMP is produced by the plas-
ma membrane adenylyl cyclase, in response to extracellular
signals [1] and by the bicarbonate activated adenylyl cyclase
localized to nucleus, mitochondria, and other intracellular
structures [2]. Phosphodiesterases are present in various sub-
cellular compartments [3]. Diﬀerent subcellular pools of cAMP
[4,5] can thus be generated, with activation of PKA and other
cAMP eﬀectors, where they are localized.
PKA consists of two cAMP-binding regulatory (R) subunits
and two catalytic (C) subunits, which dissociate upon binding
of cAMP to R-PKA. Speciﬁc A-kinase anchor proteinsAbbreviations: AKAP, A-kinase anchor protein; Ht31, peptide derived
from human thyroid AKAP
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R-PKA and in this way tether the PKA tetramer to membranes
together with speciﬁc protein phosphatases and phosphodies-
terases [6]. These complexes accomplish phosphorylation/
dephosphorylation of proteins bound or close to the complexes,
thus modulating the functional activity of speciﬁc proteins in
subcellular compartments [6].
PKA has been found to be associated with the outer mito-
chondrial membrane, where it is bound to speciﬁc AKAPs
[7]. PKA has also been detected in the inner membrane/matrix
fraction of mammalian mitochondria where it phosphorylates
various mitochondrial proteins [8–10].
In this paper an immunochemical, radioactive labelling and
activity analysis of the submitochondrial localization of
AKAP, C-PKA and R-PKA in rat heart is presented. It is
shown that there exists in the inner membrane/matrix a pool
of these proteins, where they appear to be more abundant than
those detectable in the outer mitochondrial membrane.2. Materials and methods
2.1. Reagents
Cell culture media and chemicals were from EuroClone and Sigma,
respectively.
2.2. Isolation of mitochondria and mitoplasts
Mitochondria and mitoplasts were prepared from rat heart as in
[9]. Porin and cytochrome c oxidase subunit IV were estimated by
immunoblotting. Outer membrane monoamine oxidase activity [11],
cytochrome c and cytochrome a + a3 [9] were determined spectropho-
tometrically. Total mitochondrial extract was obtained by glass–bead
(2:1 v/v) disruption of mitochondria suspended (15 mg/ml) in 0.25 M
sucrose, 1 mM Tris–HCl, pH 7.5, 1 mM EGTA, 250 lM PMSF.
Mitoplasts were subfractionated into matrix and inner membrane by
glass–bead disruption, followed by centrifugation at 100000 · g for
1 h [9].2.3. Cell culture
Rat-heart cardiomyocytes (H9C2, A.T.C.C. #CRL1446) were
grown in Dulbecco’s modiﬁed Eagle’s medium with 10% (v/v) fetal bo-
vine serum, 100 IU/ml penicillin and 100 IU/ml streptomycin, 2 mM
glutamine. Cells were harvested and collected as in [12]. For mitoplast
preparation, cells suspended in the isolation medium (0.25 M sucrose,blished by Elsevier B.V. All rights reserved.
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posed for 15 min on ice to 1.5 mg digitonin/mg cellular protein. Mitop-
lasts were pelleted at 14000 · g for 15 min.2.4. Gel electrophoresis and autoradiography
SDS–PAGE of the protein fractions was carried out as in [9]. Radio-
active labelled protein bands were detected by program Personal FX at
‘‘phosphorus imager’’ (Biorad) and by exposure to Hyperﬁlm (Amer-
sham Bioscience).2.5. Western blot analysis
Proteins were resolved by SDS–PAGE, electrotransferred to nitro-
cellulose membranes (Amersham Bioscience) [9], and immersed in
20 mM Tris–HCl, pH 7.5, 0.5 M NaCl, 0.05% (w/v) Tween 20 (TTBS)
with 5% (w/v) fatty acid free dry milk. The blots were probed with anti-
bodies against: C-PKA and RII-PKA (1:1000 and 1:200 respectively,
polyclonal, Santa Cruz), AKAP121 (monoclonal 1:250, BD Biosci-
ences Pharmigen), porin, cytochrome c oxidase subunit IV and ATP
synthase F1b subunit (1:500, 1:1000, 1:600, respectively, monoclonal,
Molecular Probes), cytochrome c (monoclonal, 1:5000, Pharmingen).
Membranes, washed in TTBS, were incubated with peroxidase-conju-
gated secondary antibodies (1:5000, Biorad). Immunodetection was
performed by an ECL kit (Perkin–Elmer) and quantiﬁed by VERSA-
DOC imaging system (Biorad).Fig. 1. Localization of C-PKA, RII-PKA, AKAP and PKA activity in rat-h
(RHM) and mitoplasts (Mp) were analyzed by SDS–PAGE and immunobl
shown. The histograms give the levels of these proteins as arbitrary densitome
intact mitochondria (RHM), glass–bead broken mitochondria (broken RH
cAMP-dependent histone phosphorylation in intact and broken mitocho
contaminating cytosol. The values reported, corrected for 32Pi incorporatio
Inhibitor), are the mean ± S.E.M. from three experiments. (c) marker enzy
Proteins (50 lg) of each fraction were analyzed by SDS–PAGE and immuno
oxidase (COX IV), respectively. The histograms represent the levels of these
activity, intermembrane space cytochrome c and inner membrane cytochrome
mean ± S.E.M. from three experiments. For details see Section 2.2.6. PKA activity
PKA activity was assayed as in [9]. After SDS–PAGE [9], radioactiv-
ity of phosphorylated histone, visualized by autoradiography, was
measured in a Scintillation Counter (Beckman LS 6500) on the isolated
band cut from the gel.
2.7. Overlay detection of AKAP and RII-PKA proteins
RIIb-PKA subunit (Biaﬃn) was phosphorylated by C-PKA (Pro-
mega) with [c32P]ATP [13]. C-PKA subunit was autophosphorylated
with [c32P]ATP (1000 cpm/pmol) [14]. Proteins separated by SDS–
PAGE were transferred to nitrocellulose membrane and probed
with 32P-labelled RIIbeta-PKA (105 cpm/ml) or 32P-labelled C-PKA
(105 cpm/ml) [13]. 32P-labelled proteins were visualized by autoradio-
graphy.
2.8. Immunogold labelling and electron microscopy
Isolated mitochondria were ﬁxed in 0.1% (v/v) gluteraldehyde and
2% (v/v) paraformaldehyde in 0.1 M sodium cacodylate buﬀer, post-
ﬁxed with 1% (w/v) OsO4, dehydrated in an ethanol-gradient and
embedded in Epon 812. The high temperature antigen unmasking tech-
nique using 10 mM citrate buﬀer, pH 6.0 was performed on all the
ultrathin sections prior to antibody incubation. The sections were incu-
bated in 10% (v/v) hydrogen peroxide, rinsed in PBS and blocked
in PBS containing 1% (w/v) BSA and 0.15% (w/v) glycine. These
sections were then incubated with the anti-AKAP121 antibody or witheart mitochondria and mitoplasts. (a) 50 lg proteins of mitochondria
otted with speciﬁc antibodies. A representative set of immunoblots is
tric units, means ± S.E.M. from three experiments. (b) PKA activity in:
M), inner membrane and matrix fraction obtained from mitoplasts.
ndria was corrected for the contribution of PKA activity of the
n in the absence of added cAMP and presence of 1 lM PKI (PKA
mes in mitochondria (RHM) and in mitoplasts (Mp) from rat heart.
blotted with antibodies against porin and subunit IV of cytochrome c
proteins, means ± S.E.M. from ten experiments. Monoamine oxidase
a + a3 were determined spectrophotometrically. The data represent the
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followed by exposure to 15 nm colloidal gold goat anti-mouse (Aurion)
for 2 h at room temperature. The sections were counterstained with
uranyl acetate and lead citrate and viewed with LEO 912/AB transmis-
sion electron microscope (ZEISS).3. Results
3.1. Immunochemical and activity analysis of submitochondrial
distribution of PKA and AKAP
C-PKA and RII-PKA were detected, by their speciﬁc anti-
bodies, in intact mitochondria and in their mitoplast fraction
(inner membrane/matrix) at a density level practically equiva-
lent (Fig. 1a). The anti RII-PKA antibody revealed in mito-Fig. 2. Trypsin digestion pattern of C-PKA, RII-PKA, AKAP, submitocho
Ht31 of RII-PKA from rat-heart mitoplasts. (a) mitochondria were incubate
Trypsin digestion was performed by incubating, for 15 min at 30 C, 250 lg
HCl, pH 7.5, and 1 mg trypsin/50 mg protein. The reaction was stopped by
were digested by trypsin in the presence of 10 lM cAMP in the absence or pr
were analyzed by SDS–PAGE and immunoblotted with speciﬁc antibodie
histograms give the densitometric levels of C-PKA, RII-PKA and AKAP pr
rat-heart mitoplasts, disrupted by freezing and thawing, were exposed for 10
Ht31-P peptide (Promega) at 4 mg/ml. After incubation, 100 lg of total prot
were centrifuged at 100000 · g for 1 h for separation in membrane (P) andchondria and in mitoplasts two antigenic bands of 57 kDa
(i) and 48 kDa (ii), respectively. The protein band
121 kDa) detected by the antibody against AKAP121 in
mitochondria was present in the mitoplast fraction at a density
level practically equivalent to that in the intact mitochondria.
Submitochondrial distribution of the speciﬁc activity of PKA
was measured with histone (17 kDa protein) (Fig. 1b). The
low activity detected in intact mitochondria can be attributed
to PKA at the external surface of the outer mitochondrial
membrane. Disruption of mitochondria by glass–beads re-
sulted in one order increase of the PKA activity. Most of this
was recovered in the matrix fraction, a small amount in the in-
ner membrane (see Fig. 1b). Determination of marker enzymes
showed that the mitoplast fraction, characterized by thendrial marker proteins in rat-heart mitochondria and displacement by
d with trypsin in the absence or presence of Triton X-100 as indicated.
rat-heart mitochondrial proteins in 125 ll 0.25 M sucrose, 1 mM Tris–
trypsin inhibitors and 0.25 mM PMSF. Where indicated mitochondria
esence of 0.2 % (v/v)Triton X-100. Proteins (50lg) of each preparation
s as indicated. A representative set of immunoblots is shown. The
otein digestion, means ± S.E.M. from three experiments. (b) 200 lg of
min at room temperature to 100 lM Ht31 peptide or 100 lM inactive
eins (T) were directly subjected to SDS–PAGE. Total proteins (100 lg)
supernatant (S) fractions and subjected to SDS–PAGE.
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residual amount of the outer membrane porin protein and
monoamine oxidase activity and no trace of intermembrane
space cytochrome c (Fig. 1c).
In the experiments of Fig. 2a rat-heart mitochondria were
treated with trypsin in order to eliminate by proteolysis exter-
nally located proteins. Trypsin digested porin and cytochrome
c. Subunit IV of cytochrome c oxidase and F1b subunit of the
ATP synthase, were untouched by trypsin unless mitochondria
were not disrupted by Triton X-100. The protein band of
57 kDa recognized by the RII antibody was almost completely
digested by trypsin in the absence of Triton. The 48 kDa pro-
tein recognized by the RII antibody, and the protein band rec-
ognized by the AKAP antibody were, on the contrary, largely
resistant to trypsin unless mitochondria were not disrupted by
Triton. C-PKA was digested by trypsin already in the absence
of Triton, in particular when mitochondria were supplemented
with cAMP. This is consistent with previous reports showing
that C-PKA, once dissociated from the R subunits upon
cAMP binding, diﬀuses through cellular membranes [15].
Fig. 2b shows that Ht31, a small peptide which speciﬁcally
competes with RII-PKA for the binding to AKAP [16], in-
duced release of RII-PKA from broken rat-heart mitoplasts.Fig. 3. Subcellular distribution of C-PKA, RII-PKA and AKAP in rat cardi
cardiomyocytes (50 lg of proteins of each fraction) were separated by SDS
representative set of immunoblots is shown. The histograms represent the leve
see Section 2.Thus RII-PKA in the inner mitochondrial compartment is
bound to the AKAP protein localized in this compartment.
Fig. 3 shows the distribution pattern of PKA and AKAP in
rat cardiomyocytes. C-PKA and RII-PKA, in these cells only
the 48 kDa band was recognized by the RII antibody, were re-
tained in the mitoplast fraction. In cardiomyocytes the protein
band detected by the AKAP antibody was practically conﬁned
to mitoplasts. Porin immunoblot showed that the mitoplast
fraction contained only 27% residual amount of outer mem-
brane porin.
3.2. Radiolabelling of RII-PKA and AKAP
In Fig. 4a an overlay experiments with puriﬁed 32P-phos-
phorylated C-PKA of gel blots of puriﬁed RII-PKA, rat-heart
mitochondria and cardiomyocyte mitoplast proteins revealed
in all the preparations binding of radioactive C-PKA to the
48 kDa protein band recognized by the RII antibody. cAMP
abolished, as expected, C-PKA binding to this protein band.
No binding was observed in the region of 50–60 kDa.
Detection of AKAP protein in rat-heart mitochondria was
performed by overlay experiments with puriﬁed 32P-phosphor-
ylated RII-PKA protein. The results presented in Fig. 4a, show
binding of radioactive RII-PKA to the protein band detectedomyocytes. Total cellular lysate (lysate) and mitoplast fraction (Mp) of
–PAGE and immunoblotted with speciﬁc antibodies as indicated. A
ls of these proteins, means ± S.E.M. from ﬁve experiments. For details
Fig. 4. Radiolabelling of RII-PKA and AKAP in rat-heart submitochondrial fractions. (a) autoradiograms of SDS resolved proteins of rat-heart
mitochondria (RHM) (50 lg), rat-heart mitoplasts (Mp) (50 lg), mitoplasts from cardiomyocyte cultures (H9C2-Mp) (50 lg) and puriﬁed RII-PKA
(1 lg) (RII-PKA), exposed to 32P-labelled C-PKA in the absence () or in the presence (+) of 10 lM cAMP. Representative autoradiograms are
shown. (b) 50 lg proteins of homogenate (Homog), heavy mitochondria (RHM) and mitoplasts (Mp) from rat heart, total lysate (lysate), soluble
fraction (soluble) and mitoplasts (Mp-H9C2) obtained from cardiomyocyte cultures, were separated by SDS–PAGE and transferred to nitrocellulose
membrane. Nitrocellulose membranes were exposed to 32P-labelled RII-PKA in the absence or in the presence of Ht31 peptide or immunoblotted
with AKAP121 antibody as indicated. Representative autoradiograms and immunoblots are shown. For details see Section 2.
Fig. 5. Transmission electron microscopy of ultrathin sections of mitochondria isolated from rat heart. Immunogold analysis of AKAP121: (a)
negative control obtained by omitting primary antibody; (c–e) mitochondrial sections exposed to gold-labelled AKAP121 antibody plus Osmium
post-ﬁxation (c and d), without Osmium post-ﬁxation (e). It can be noted that Osmium post-ﬁxation did not aﬀect the distribution of gold-labelled
AKAP protein. (b) COX IV revealed by gold labelled speciﬁc antibody. 15 nm colloidal gold. (Scale bar = 0.4 lm). For details see Section 2.
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in the mitoplast fraction. Peptide derived from human thyroid
AKAP (Ht31) completely abolished RII binding to the AKAP
band. Binding of 32P-phosphorylated RII-PKA protein was
not aﬀected by the inactive peptide Ht31-P (results not shown).3.3. Immuno electron microscopy
Transmission electron microscopy of mitochondria isolated
from rat heart exposed to the AKAP121 antibody (Fig. 5c–
e), conjugated with colloidal-gold secondary antibody shows
numerous gold particles of AKAP protein in the inner mito-
chondrial compartment associated with mitochondrial cristae.
Only few spots AKAP were detected at the outer mitochon-
drial surface. Cytochrome c oxidase, revealed by electron
microscopy of mitochondria exposed to subunit IV antibody,
showed a uniform association with the inner membrane
(Fig. 5).4. Discussion
The densitometric immunoblot analysis and the activity
measurements show that the large majority (90%) of mito-
chondrial PKA is found in the mitoplast fraction i.e. in the in-
ner mitochondrial compartment, when prepared both from
isolated mitochondria (see also [8–10]) or cardiomyocyte
cultures. The remaining amount of PKA, associated with the
outer mitochondrial membrane [7] is, thus relatively small
(see also [8]). The present immunoblot analysis shows that
more than 90% of mitochondrial AKAP121 is localized in
the rat-heart mitoplast fraction. Evidence has been previously
provided showing binding of AKAP121 to the outer mem-
brane of mitochondria [7]. Observations which were taken as
evidence of AKAP conﬁned solely to the cytoplasmic surface
of mitochondria, were obtained in cells transfected with gene
constructs of the AKAPs, thus overexpressing by more than
order of magnitude the protein [7]. The present experiments
concern, on the other hand, localization of endogenous AKAP
at its natural sites.
The existence in the inner mitochondrial compartment of
AKAP/PKA complex is further substantiated by the following
observations. AKAP121 and RII-PKA (48 kDa) are largely
resistant to trypsin digestion, unless mitochondria are not dis-
rupted by Triton X-100. RII-PKA is released from broken
mitoplasts by the Ht31 peptide which is a speciﬁc competitive
inhibitor for the binding of RII-PKA to AKAP. The overlay
analysis shows binding of 32P-phosphorylated RII-PKA to
the protein band recognized by the AKAP121 antibody in
mitochondria and in their mitoplast fraction. In both cases
the binding was suppressed by the Ht31 peptide which com-
petes with RII-PKA for the binding to AKAP. Electron
microscopy analysis of proteins labelled by gold-conjugated
antibody shows that like C-PKA and RII-PKA [8] also
AKAP121 was detectable in the inner mitochondrial compart-
ment, apparently associated with the inner mitochondrial
membrane (Fig. 5).
Of the two protein bands (57 and 48 kDa, respectively) rec-
ognized by the anti RII-PKA antibody in the inner mitochon-
drial compartment only the 48 kDa form, which is resistant to
trypsin digestion of mitochondria, exhibits binding (prevented
by cAMP) of 32P-phosphorylated C-PKA. This form thusrepresents a canonical, functional RII-PKA in the intramito-
chondrial space.
A large number of mitochondrial proteins have been found
to be phosphorylated at Ser/Thr sites [17]. PKA in the inner
mitochondrial compartment phosphorylates various proteins
in this compartment [9], among which there are subunits of
complex I of the respiratory chain [12,18,19]. A calcium inhib-
itable phosphatase activity, which dephosphorylates complex I
subunits, is also detected in the inner mitochondrial compart-
ment [20]. In human [21] and mammalian cell [12,18] cultures
cAMP enhances the redox activity of complex I and lowers
the cellular oxygen free-radical level [22].Acknowledgements: The authors are grateful to the Professor Giorgio
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No. 2003057323_001, MIUR Research Grant No. 157, D.1416
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